Background: Recent findings regarding the existence of functional brown adipose tissue (BAT) in adult humans suggest a physiological role of BAT and uncoupling protein 1 (UCP1)-linked thermogenesis in energy balance. Objective: To investigate whether UCP1 polymorphism was associated with resting energy expenditure (REE) and thermoregulatory sympathetic nervous system (SNS) activity in humans. Methods: A total of 82 healthy females (20-22 years) were genotyped for the -3826 A/G polymorphism of the UCP1 gene using a fluorescent allele-specific DNA primer assay system. REE was measured by indirect calorimetry. The thermoregulatory SNS activity was assessed by heart rate variability power spectral analysis according to our previously reported method. Each subject was studied in the morning, after an overnight fast. Nutritional values were calculated on the basis of 2-day food records.
Introduction
Recent studies [1] [2] [3] [4] using integrated 18 F-fluorodeoxyglucose positron emission tomography and computed tomography clearly demonstrate that healthy adult humans possess metabolically active brown adipose tissue (BAT). The activity of BAT estimated by 18 F-fluorodeoxyglucose uptake is markedly stimulated by acute cold exposure. 1, 2, 4 Moreover, tissue samples obtained from positron emission tomographypositive areas have histologic and molecular characteristics of BAT, including the expression of BAT-specific protein, uncoupling protein 1 (UCP1). 1, 3, 5 Although direct evidence for the existence of human BAT has been reported, the metabolic effect of BAT-mediated thermogenesis on daily energy balance remains unclear. UCP1 is a protein that allows protons to reflux over the mitochondrial inner membrane, and transfers food energy directly into heat instead of adenosine triphosphate. 6 Therefore, UCP1 is a key modulator of BAT thermogenesis, believed to be important for maintaining normal body temperature. 7 The thermogenic activity of BAT depends on its quantity, its UCP1 content, and the extent of stimulation of the sympathetic nervous system (SNS). 7 Accordingly, genetic polymorphism, such as the -3826 A/G single nucleotide polymorphism in the promoter in exon 2 of UCP1, has been reported to be associated with obesity phenotypes 8 causing reduced mRNA expression. 9 We previously reported that healthy children with the G/G genotype had a lower capacity for thermogenesis in response to a high-fat meal 10 and acute cold exposure. 11 These findings of reduced UCP1-linked thermogenesis in children with the G/G genotype support the metabolic significance of human BAT, at least in children.
To examine the role of UCP1 in usual energy balance in adult humans, we therefore investigated whether or not the -3826 A/G polymorphism of the UCP1 gene is associated with resting energy expenditure (REE) and thermoregulatory SNS activity by power spectral analysis of heart rate variability, according to our previously reported method, [11] [12] [13] [14] [15] [16] in young healthy females.
Subjects and methods

Subjects
We studied 82 healthy female volunteers (20-22 years) recruited from our campus. All subjects were non-smokers, free of disease, and not taking any medication that could affect body composition and REE. The subject characteristics are presented in Table 1 . The study protocol was reviewed and approved by the Ethics Committee of the University of Hyogo, and was in accordance with the principles of the Declaration of Helsinki. All subjects provided written informed consent.
Experimental protocol
Subjects were requested to maintain their usual lifestyle and body weight for at least 1 week before the test. On the day before the test, the consumption of coffee, tea, spicy foods and high-fat foods were prohibited. Dietary intake was estimated from food records with photographs taken using a cameraequipped cellular phone for two typical weekdays. These records were carefully checked by registered dieticians through an interview with each subject on the test day. Nutritional values were calculated using computer-assisted procedures (Excell Eiyokun, version 5.0, Kenpakusya Co., Tokyo, Japan) based on the Japanese food consumption table. 17 Subjects were tested in the morning, from 0800 to 0900 hours, after an overnight fast beginning at 2200 hours the night before. After measurements of body mass and percentage body fat determined with a bioelectrical impedance analyzer (InBody520, Biospace Co., Seoul, Korea), subjects were prepared for an electrocardiogram and then rested for at least 20 min in a semirecumbent position in a temperaturecontrolled (24-25 1C) room. After adjustment of the mask, electrocardiogram and gas exchange parameters were continuously recorded for 15 min using an open-circuit indirect calorimeter (Aero Monitor AE 300, Minato Medical Science Co., Osaka, Japan). The calorimeter was calibrated before each test with a reference gas mixture (15% O 2 and 5% CO 2 ). Continuous ventilatory volumes, oxygen consumption and carbon dioxide production were averaged for each 15-s period, and the mean value for each minute was calculated and printed out. The respiratory quotient was determined from the oxygen consumption and carbon dioxide production. The REE was calculated according to the method outlined by Lusk. 18 We measured REE and thermoregulatory SNS activity of each subject twice on separate days and the obtained data were averaged for statistical analysis.
Genetic analysis
A non-invasive genotyping method has been established for carefully collecting buccal mucosa cells using cytobrushes. 10, 11 After the phenol-extraction procedure, 0.2-2 mg of DNA was obtained per subject. The -3826A/G polymorphic region of UCP1 (rs1800592) was amplified using the PCR with a sense primer (5 0 -TTT GTG CAG CGA TTT CTG ATT GAC-3 0 ), an anti-sense primer (5 0 -AGG AGT GGC AGC AAG TTC TGA ATG-3 0 ) and a primer labeled at the 5 0 end with Texas red (5 0 -AAA TGC ACT CGA TCA AAC TGT-3 0 ). PCR was performed under the conditions recommended by the enzyme supplier. In brief, a 25 ml aliquot contained 20 ng of genomic DNA, the reaction buffer supplied with the enzyme, 3.0 mM MgCl 2 , 0.2 mM dNTP and 1.25 U of rTaq containing anti-Taq high (Toyobo Co., Fukui, Japan). The cycling parameters were as follows: initial denaturation at 95 1C for 5 min, then 40 cycles of denaturation at 95 1C for 30 s, annealing at 65 1C for 30 s and primer extension at 72 1C for 30 s, followed by post-extension at 72 1C for 2 min in a thermal cycler (ABI9700, Applied Biosystems, Foster City, CA, USA). A 2 ml reaction mixture containing 10 pmol of probe and SYBR Green I (final concentration 10 000 Â) was added to the PCR products. The mixture was put into an ABI PRISM 7700 (Applied Biosystems) and the melting temperature was measured. The program for analytical melting was 95 1C for 30 s, 40 1C for 1 min and increased to 80 1C over 10 min. The fluorescence signals were detected at excitation and emission wavelengths of 485 nm and 612 nm, respectively.
Calculation of thermoregulatory SNS activity
The rhythm of the heart rate is under the control of the sympathetic and parasympathetic nervous systems (PNS). UCP1 gene polymorphism and thermogenesis N Nagai et al Therefore, we estimated the SNS and PNS activities by heart rate variability power spectral analysis, which decomposes the series of sequential electrocardiogram R-R intervals into a sum of sinusoidal functions of different amplitudes and frequencies through the Fourier transform algorithm. 19 Briefly, the electrocardiogram signals were amplified (Bio-Tex, BBA-8321, Kyoto, Japan) and digitized by a 13-bit analog-to-digital converter (DaqAD132, Elan, UK) at a sampling rate of 1024 Hz. Then, the digitized R-R interval time series was aligned in a 2-Hz sequence for power spectral analysis. The direct current component and linear trend were eliminated by digital filtering for the band-pass between 0.007 and 0.5 Hz. High-pass filtering at 0.007 Hz was chosen to include the frequency components associated with thermoregulatory control in SNS activity as identified by the Simplex method. 13 We previously reported that 0.007-0.035 Hz of the heart rate variability power spectrum was selectively increased against various thermogenic perturbations, such as acute cold exposure, 11, 12 food intake, 13 high-carbohydrate meal 15 and spice-containing meal 14, 16 in adult individuals [12] [13] [14] or children. 11, 15, 16 After passage through the Humming-type data window, power spectral analysis using a fast Fourier transform was performed on a consecutive 1024 s time series of R-R interval data obtained during the measurement.
To quantify the activities of SNS and PNS, we analyzed a very low-frequency component (0.007-0.035 Hz) reflecting thermoregulatory SNS activity, a low-frequency component (0.035-0.15 Hz) jointly regulated by both SNS and PNS activities, a high-frequency component (HF, 0.15-0.5 Hz) solely reflecting the respiratory PNS activity and Total power (0.007-0.5 Hz) representing the overall autonomic nervous system activity by integrating the spectrum for the respective bandwidths [11] [12] [13] [14] [15] [16] (Figure 1 ).
Statistical analyses
Data are expressed as means±s.e. Hardy-Weinberg equilibrium was evaluated using a Chi-square goodness-of-fit test. Differences between groups were investigated using one-way analysis of variance. Post-hoc testing was carried out using Tukey's least significant difference procedure. P-valueso0.05 were regarded as statistically significant.
Results
Subject characteristics
The distribution of A/A, A/G and G/G genotypes was 0.27, 0.45 and 0.28, respectively. The physical characteristics of the three groups are summarized in Table 1 . Age, height, body mass, body mass index, percentage of body fat and systolic and diastolic blood pressures were not different among the groups.
Daily nutritional intake and metabolic parameters
Daily nutritional intakes and metabolic parameters are presented in Table 2 . Total energy intake tended to be lower in the G/G group (-795 kJ) than in the A/A group, but the difference did not reach statistical significance (P ¼ 0.16). With regard to macronutrient composition, the proportion of energy consumed as fat was significantly lower (Po0.05) whereas the proportion of energy consumed as carbohydrate was significantly greater in the G/G group than in the other two groups (Po0.05). The proportion of energy consumed as protein was not different among the groups. REE was significantly lower in A/G and G/G groups than in the A/A group (Po0.01). Respiratory quotient was not different among the groups. Table 3 shows group data with respect to the parameters of autonomic nervous system activity estimated by heart rate variability. There was no significant difference in resting heart rate, or Total, low-frequency, or high-frequency powers among the groups. Very low-frequency power, an indicator of thermoregulatory SNS activity, was significantly lower in the G/G group than in the other two groups (Po0.05).
Parameters of autonomic nervous system activity
Discussion
Our study revealed three major findings. First, the G-allele carriers (G/G or A/G genotype) possessed a diminished REE compared with the wild type. Second, the G/G genotype 
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UCP1 gene polymorphism and thermogenesis N Nagai et al subjects had a slightly lower total energy intake together with markedly reduced fat intake than other genotypes. Third, the G/G genotype subjects had the lowest thermoregulatory SNS activity. As reported by Esterbauer et al., 9 -3826 G allele of the UCP1 gene is associated with lower UCP1 expression levels. In addition, Yoneshiro et al. 20 demonstrated direct evidence of BAT thermogenesis upon exposure to cold in young healthy males, indicating BAT contributes to the regulation of whole-body energy expenditure. Accordingly, diminished REE observed in G-allele carriers may be caused primarily by attenuated UCP1-linked thermogenesis. This finding appears to be inconsistent with our previous pediatric studies 10, 11 that there were no significant effects of this polymorphism on baseline REE in healthy children. This discrepancy may be explained by the difference in the age of the subjects; that is, they were 8-11 (Nagai et al.
10
) or 6-10 (Nagai et al.
)
years old in the previous studies, being younger than those in the present study (20-22 years old). In fact, children with the G/G genotype had comparable REE together with slightly higher SNS activity than other genotypes, 10,11 implying compensatory activation of the SNS probably due to attenuated BAT function. As children have relatively-larger body surface areas than those of adults, BAT-mediated thermogenesis during childhood might be more important to maintain body temperature even in thermoneutral conditions (24-25 1C) than adults. Furthermore, we previously found age-related decline in thermoregulatory SNS activity in male subjects of various ages (6-53-years old).
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Taken together, the REE might be maintained in a normal environment by activation of the SNS in G/G genotype children.
In this study, the lowest energy intake, fat intake and thermoregulatory SNS activity were observed in G/G genotype subjects, whereas no suppressive effects were detected in the A/G genotype. The suppressed SNS activity observed in G/G genotype subjects seems inconsistent with the expected results. As thermogenic activity of BAT is primarily activated by the SNS, 7, 22 diminished BAT activity can induce compensated activation of SNS. To explain this discrepancy, we hypothesized a mechanism as follows: (1) G/G allele lead to a decrease in REE; (2) decreased REE (-680 kJ) contributes to lower daily energy intake (À795 kJ) to maintain body weight; (3) a lower energy intake and diminished fat utilization, which are specifically caused by the UCP1 G/G allele, 10 alter fat intake levels; and (4) reduction in both energy and fat intakes suppresses SNS activity. We previously reported that overfeeding 23 and high-fat diet 10, 21 led to SNS activation in humans. In contrast, lower SNS activity was observed in young females who restricted their diet to lose weight. 24 This phenomenon would explain the present results for G-allele carriers who show suppressed SNS activity. The remaining question we must address is 'why is fat intake reduced in the G/G allele?' Indeed, similar macronutrient consumption was observed in children with the G/G genotype in our previous study. 11 In a similar study, 10 the G/G allele influenced post-prandial thermogenesis after a high-fat meal (70% fat of energy), suggesting that this allele may attenuate fat utilization in BAT. In addition, the findings 8 that the G/G allele is associated with higher LDL and/or lower HDL cholesterol levels, support the effect of this allele on lipid metabolism. Presumably, the G/G allele influences appetite and/or food preference because of altered lipid utilization in BAT. Further studies are needed to clarify UCP1 gene polymorphism and thermogenesis N Nagai et al the interactions among the G/G allele, food preference and nutrient utilization.
Limitations
Recent findings using positron emission tomography and computed tomography 20, 25 suggest the presence of BAT in more than half of the adult humans. In addition, the prevalence 5, 25 or the activity of BAT 26 was positively correlated with young age and leanness. Conversely, agerelated decline in BAT activity was also demonstrated. 1, 5, 26 Our subjects were young and almost all were lean; therefore, the impact of UCP1 gene polymorphism on REE may be greater than that in other age groups. Long-term study is needed to investigate the impact of the G allele of the UCP1 gene on future weight gain in females around menopause; 27 moreover, studies including male subjects of various ages are required. In recent years, extensive progress has been achieved in clarifying the mechanism behind the thermoregulatory function of BAT. However, few studies have investigated the impact of UCP1 gene polymorphism on REE combined with thermoregulatory SNS activity in adults. Despite fasting and thermoneutral conditions, which normally lead to diminished BAT activity, 1,2,4,7 our results clearly show the association of UCP1 polymorphism with daily energy balance. For this reason, this study provides valuable data regarding the association of UCP1 polymorphism with reduced thermogenesis, at least in young females. In summary, we investigated whether the -3826 A/G polymorphism of the UCP1 gene is associated with energy expenditure and thermoregulatory SNS activity during a resting condition in healthy young females. Our data demonstrated that G-allele subjects (A/G or G/G genotype) possess lower REE; furthermore, reduced thermoregulatory SNS activity was observed for the G/G genotype, suggesting that such attenuated UCP1-linked thermogenesis has an adverse effect on the regulation of energy balance.
